Complement factor H (CfH) is a key regulator of the alternative pathway, and its presence on mouse platelets and podocytes allows the processing of immune complexes. Because of the role of immune complexes in the pathophysiology of lupus nephritis, we studied the role of CfH in the development of nephritis in MRL-lpr mice, an animal model of lupus. At 12 weeks, CfH-deficient MRL-lpr mice had significantly more albuminuria and higher BUN levels than MRL-lpr controls. Cfh-deficient MRL-lpr mice also experienced earlier mortality: at 14 weeks, 6 of 9 CfH-deficient MRL-lpr mice had died of renal failure, whereas all 11 littermate CfH-sufficient MRL-lpr mice were alive (P Յ 0.001). Histologically, CfH-deficient MRL-lpr mice developed severe diffuse lupus nephritis by 12 weeks (glomerulonephritis scores of 2.6 Ϯ 0.4 versus 0.4 Ϯ 0.2 in littermate controls, P ϭ 0.001). Similar to other CfH-deficient mouse models on nonautoimmune backgrounds, immunofluorescence staining showed extensive linear C3 staining along glomerular capillary walls. IgG was present in the mesangium and peripheral capillary walls along with excessive infiltration of macrophages and neutrophils. Ultrastructurally, there were subendothelial and subepithelial immune deposits and extensive podocyte foot process effacement. In summary, the loss of CfH accelerates the development of lupus nephritis and recapitulates the functional and structural features of the human disease. This illustrates the critical role of complement regulation and metabolism of immune complexes in the pathogenesis of lupus nephritis.
The MRL/Mp-Tnfrsf6 lpr/lpr strain (commonly abbreviated as MRL-lpr) is an accurate mouse model of human systemic lupus erythematosus (SLE), which shares many features of human SLE, including the production of autoantibodies leading to the presence of complement-activating immune complexes (ICs) in the circulation and deposited in tissues, consumptive hypocomplementemia, and development of lupus nephritis (LN). 1, 2 The earliest changes in the kidney, including accumulation of ICs and proliferation within the mesangial area and mild proteinuria, occur by 12 weeks of age. 3 Later in the course of the disease, ICs localize in the peripheral capillary loops, and there is accumulation of monocytes and neutrophils and proliferation of both endothelial and mesangial cells, with occasional crescent formation and basement membrane thickening. Ultimately, 50% mortality occurs at 20 to 24 weeks of age. 2 The complement system contains Ͼ30 plasma and cell-associated proteins, many of which are alike as a consequence of gene duplication events during evolution. 4 Activation through classical, alternative, or lectin complement pathways leads to the cleavage of C3 and C5 and generation of C3a, C3b, C5a, and C5b-9. Complement is the first line of defense against some microorganisms and an integral component of innate and adaptive immune responses to many others. Complement proteins are also important to clear ICs. 5 To limit complement activation, there are a number of inhibitory proteins, including the regulators of complement activation family, that are highly related within and between even distant species. 6 -8 The functional activities of these family members are attributable to their binding to C4 and C3 products. 9, 10 Inhibition of the complement system at various levels has been used to study the roles of complement in the development of LN in MRL-lpr mice, with some unexpected results. Complement inhibition by complement receptor 1-related gene/ protein y (Crry) in Crry-transgenic MRL-lpr mice resulted in prolonged survival and significantly less proteinuria and blood urea nitrogen (BUN) levels. 11 Comparable effects were observed with the use of soluble recombinant Crry in the same lupus mouse model, 12 in which there was reduced production of matrix components such as collagens I, II, and IV, potentially induced by complement-mediated upregulated expression of connective tissue growth factor and TGF-␤1. 13 Generating mice that lacked a functional complement alternative pathway 14, 15 or preventing signaling through anaphylatoxin C3a 16 or C5a 17, 18 receptors led to reduced severity of LN in MRL-lpr mice. In contrast, C3a receptor-deficient MRL-lpr mice had higher auto-antibody titers and an earlier onset of renal disease, although long-term renal function and survival were not affected. 19 More surprisingly, deficiency of C3, the converging point for all three complement pathways, did not affect the development of LN in MRL-lpr mice, which suggested there were also beneficial effects of complement activation, such as in IC clearance. 20 Less is known about the consequences of unrestricted complement activation in the development of LN. The Song group showed that MRL-lpr mice deficient in decay-accelerating factor (CD55) had exacerbated autoimmunity and dermatitis, yet LN was not affected. 21, 22 Thus, complement regulation by decay-accelerating factor in glomeruli is not critical in LN, which may reflect its localization primarily on rodent podocytes. 23, 24 Complement factor H (CfH) is a highly abundant plasma complement regulator that inhibits alternative pathway activation by inhibiting the formation and accelerating the decay of C3 convertases and acting as a complement factor I co-factor, which inactivates C3b to iC3b. 25 When CfH is absent in CfH Ϫ/Ϫ mice, animals develop glomerulonephritis (GN) spontaneously, which leads to the late death of some animals of mixed genetic backgrounds. 26, 27 In glomeruli of affected animals, there is early complement deposition, followed later by progressive IC deposits and glomerular hypercellularity, but without significant renal impairment. 27 Consistent with an alternative pathway mediation, CfH Ϫ/Ϫ mice with a coexistent factor B deficiency are protected from disease. 27 The spontaneous disease in CfH Ϫ/Ϫ mice requires C5 (but not C6) and complement factor I, presumably to generate pro-inflammatory C5a and to create iC3b as a ligand for ␤2-integrins on inflammatory cells, respectively. 26, 28, 29 Our laboratory has shown that, in an active IC-mediated GN model, CfH on platelets and podocytes is needed for proper systemic and intraglomerular IC processing, respectively, whereas plasma CfH is essential to prevent disease development irrespective of the load of ICs. 29 -31 Thus, CfH appears to be a critical complement regulatory protein in normal conditions and in IC-mediated diseases. With this as background, we investigated the roles for CfH in LN in MRL-lpr mice and found that CfH Ϫ/Ϫ MRL-lpr mice had considerably accelerated development of LN relative to littermate CfH ϩ/Ϫ MRL-lpr and CfH ϩ/ϩ MRL-lpr controls, which led to renal failure from which the animals died.
RESULTS

Renal Failure and Early Mortality in CfH
؊/؊ MRL-lpr Mice
The natural history of disease in CfH Ϫ/Ϫ MRL-lpr mice (n ϭ 9) was compared with littermate CfH ϩ/ϩ and CfH ϩ/Ϫ MRL-lpr mice (n ϭ 11 each); the latter group was included to examine whether there was a CfH gene "dose effect." CfH deficiency led to early mortality in CfH Ϫ/Ϫ MRL-lpr mice, with six of nine (67%) dying by 14 weeks of age, compared with no mortality in the two control groups ( Figure 1A ). These deaths appeared to be caused by renal failure, given average premorbid BUN levels of 82.9 Ϯ 13.6 mg/dl. Consistent with the known course of disease in MRL-lpr mice, 2 4 of 11 (36.4%) CfH ϩ/Ϫ MRL-lpr mice and 6 of 11 (54.5%) CfH ϩ/ϩ MRL-lpr mice died by 24 weeks; in contrast, the remaining 3 CfH Ϫ/Ϫ MRL-lpr mice that survived beyond 14 weeks of age died by 21 weeks (P Յ 0.001; Figure 1A ).
A second set of studies was performed to examine functional and histopathologic features of LN in CfH Ϫ/Ϫ MRL-lpr mice. At 8 weeks of age, there was only mild albuminuria in all three groups of mice, whereas at 12 weeks of age, the CfH Ϫ/Ϫ MRL-lpr mice developed marked albuminuria (908.4 Ϯ 504.5 mg/mg creatinine) compared with 0.7 Ϯ 0.3 and 0.5 Ϯ 0.1 mg/mg creatinine in control CfH ϩ/Ϫ and CfH ϩ/ϩ MRL-lpr mice, respectively (P ϭ 0.044; Figure 1B) .
Mice from each of the three groups had normal BUN levels at 8 weeks of age (data not shown). Comparable to albuminuria data, CfH Ϫ/Ϫ MRL-lpr mice had a dramatic increase in BUN levels at 12 weeks of age (70.0 Ϯ 9.5 mg/dl), while these remained normal in the control CfH ϩ/Ϫ and CfH ϩ/ϩ MRL-lpr mice (26.9 Ϯ 1.0 and 28.4 Ϯ 2.3 mg/dl, respectively, P ϭ 0.012; Figure 1C ). Thus, deficiency of CfH markedly accelerated renal disease in CfH Ϫ/Ϫ MRL-lpr mice in the 4-week period between 8 and 12 weeks of age.
developed severe diffuse LN characterized by mesangial, endocapillary, and extracapillary (i.e., crescentic) cellular proliferation, and hyalinosis lesions in glomeruli representing large subendothelial IC deposits (so called "wire loops" in human LN; Table 1 ). Figure 2 , B-D, shows these features in three representative CfH Ϫ/Ϫ MRL-lpr mice. As true in CfH Ϫ/Ϫ mice on nonautoimmune backgrounds, 27, 30 immunofluorescence microscopy showed extensive linear C3 staining along glomerular capillary walls in CfH Ϫ/Ϫ MRL-lpr mice by 8 weeks of age ( Figure 2G ). IgG was initially present in mesangial regions but progressively accumulated in capillary walls, such that by 12 weeks, in some instances, it appeared to replace C3 ( Figure 2H ). Littermate CfH ϩ/Ϫ MRL-lpr and CfH ϩ/ϩ MRL-lpr mice had considerably less C3 and IgG within the mesangium at both ages, with no apparent extension to the peripheral capillary walls ( Figure 2E ; Table 1 ).
Ultrastructural features in glomeruli of 12-week-old CfH Ϫ/Ϫ MRL-lpr mice included significant mesangial, subendothelial, and subepothelial immune deposits and extensive podocyte foot process effacement ( Figure 2I ), which were absent in age-matched littermate control CfH ϩ/Ϫ MRL-lpr and CfH ϩ/ϩ MRL-lpr mice ( Figure 2F ). These morphologic features of this accelerated LN model have considerable similarities to acute human LN. 32 To further enumerate and characterize cells infiltrating the TI, flow cytometry was performed on 12-week-old CfH
Characterization of Cells Infiltrating CfH
MRL-lpr and control CfH ϩ/ϩ MRL-lpr mice, at which time sufficient quantities of cells could be isolated from both groups. CD11b and Gr1 were combined to distinguish neutrophils (CD11b ϩ Gr1 high ) and monocytes (CD11b ϩ Gr1 inter ), 33 whereas F4/80 was used, given its expression on renal dendritic cells. 34 
MRL-lpr mice (H and I). (E and F) Twelve-week-old CfH ϩ/ϩ MRL-lpr mice had mesangial immune deposits composed of IgG and C3 (arrowheads). (G) Eight-week-old CfH
Ϫ/Ϫ MRL-lpr mice had linear staining for C3 along glomerular capillary walls, with mesangial and moderate peripheral capillary IgG staining that was largely independent from C3. (H) By 12 weeks of age, CfH Ϫ/Ϫ MRL-lpr mice had extensive IgG deposition in the mesangium and peripheral capillary walls, which colocalized with C3 in some regions of the capillary wall (white underline). (I) By electron microscopy, immune deposits were present in the mesangium, subendothelial (arrows) and subepithelial regions (arrowheads) (underlined region, podocyte effacement). Original magnifications, ϫ600 (A-E, G, and H), ϫ10,000 (F and I). were CD25 ϩ ( Figure 3C ). Notably, these expression levels were comparable among CfH Ϫ/Ϫ MRL-lpr and CfH ϩ/ϩ MRL-lpr mice.
Immunological Features in CfH
Features of humoral autoimmunity were measured in CfH
MRL-lpr mice and controls between 6 and 16 weeks of age, which spanned times before LN had developed until the majority of CfH Ϫ/Ϫ MRL-lpr mice had died of renal failure. As with the human disease, MRL-lpr mice develop consumptive hypocomplementemia. The deficiency of CfH led to further C3 consumption, with an apparent gene "dose effect" with CfH Ϫ/Ϫ MRL-lpr and CfH ϩ/Ϫ MRL-lpr mice having 6 to 13% and 48 to 73% C3 levels of littermate CfH ϩ/ϩ MRL-lpr mice over the time period examined ( Figure 4A ).
In contrast, deficiency of CfH did not seem to affect features of underlining humoral autoimmunity in MRL-lpr mice. Before 10 weeks of age, all mice in the three groups had low levels of circulating ICs and anti-double-stranded (ds)DNA antibodies. Over time, as the autoimmune disease progressed, both circulating ICs and anti-dsDNA antibodies increased, yet these were not affected by the presence of absence of CfH ( Figures  4, B and C) . Moreover, the severity of LN did not correlate with the quantities of circulating ICs or anti-dsDNA antibodies.
The effects of CfH deficiency on cellular autoimmunity in MRL-lpr mice were evaluated at 8 and 12 weeks of age. The pro- 
CD4
ϩ cells, as markers of T-cell activation, were also not significantly different among these three groups of mice (Table 3) . Thus, deficiency of CfH appeared to not impact features of cellular autoimmune responses in MRL-lpr mice.
DISCUSSION
The complement system has complicated and paradoxical roles in SLE and LN. 37 Although deficiencies of early classic pathway complement components (C1 Ͼ C4 Ͼ C2) are associated with the development of disease features of SLE, 38 activation of complement at later stages (i.e., C3 and beyond) is likely to contribute to the pathogenesis of both human and experimental SLE. 37 Here we showed that MRL-lpr lupus mice lacking the key complement regulator CfH develop LN at a significantly accelerated rate. These data provide further evidence that activation of complement at the stage of C3 and beyond is pathogenic in LN.
CfH is an important fluid phase complement regulator in humans and mice. 39, 40 Thus, CfH abnormalities can underlie atypical hemolytic uremic syndrome, membranoproliferative GN type 2/dense deposit disease (DDD), and age-related macular degeneration, with an expanding list of identified mutations. 9, 41 As a general rule, DDD is attributable to type I mutations, leading to reduced functional plasma CfH and the ensuing unrestricted systemic alternative pathway activation, whereas atypical hemolytic uremic syndrome is attributable to type II mutations clustering in the terminal regions of CFH, leading to impaired binding to anionic sites (e.g., on endothelia or the glomerular capillary wall) and local protection against complement activation. 9 CfH deficiency in CfH Ϫ/Ϫ mice leads to spontaneous complement activation in vivo starting no later than 4 days postnatally. 27 This results in consumptive hypocomplementemia, including through C3 deposition in glomeruli soon after birth. However, this dramatic complement activation seems to be functionally inconsequential until later in life, when animals develop GN spontaneously; this can lead to the late death of approximately 25% of mice of mixed 129, C57BL/6, and DBA/2 backgrounds. 26, 27 Features of this glomerular disease are comparable to human membranoproliferative GN type 2/DDD. 27 Despite progressive glomerular deposits and hypercellularity, affected animals do not have significant functional impairment of glomerular filtration. 27 Consistent with an alternative pathway mediation, CfH
mice with a coexistent factor B deficiency are protected from disease. 27 Inflammatory cells (monocytes, neutrophils) bear G-protein-coupled receptors for C3a and C5a (C3aR and C5aR) and the ␤2-integrins, CD11b/CD18 and CD11c/CD18, which are also termed complement receptors (CR)3 and 4, reflecting their binding to iC3b. The spontaneous disease in CfH Ϫ/Ϫ mice requires C5 (but not C6) and complement factor I. 26, 28, 29 Our recent studies have also shown that GN does not occur in a chronic serum sickness model in C57BL/6 CfH Ϫ/Ϫ mice, despite marked accumulation of iC3b-bearing ICs in glomeruli, unless there is ongoing complement activation. 29 Taking these data together, there seems to be a necessary role for generation of C5a in glomeruli (prevented in C5 deficiency or absent complement activation) and the presence of iC3b in glomerular ICs (prevented in complement factor I deficiency) to allow C5a/C5aR and iC3b/␤2-integrin engagement/activation on inflammatory cells in glomerular inflammation.
The naturally occurring LN in MRL-lpr mice has many similarities to the varieties of LN seen in humans and has proven to provide a reliable model to study disease pathophysiology. 42, 43 Morever, therapeutic strategies for human LN, such as the use of mycophenolate mofetil, have been supported by studies in MRL-lpr mice. 44 That the complement system is relevant to the IC-mediated GN occurring in MRL-lpr mice has been supported by a number of studies in which disease was reduced. [11] [12] [13] [14] [15] [16] [17] [18] In contrast, CfH Ϫ/Ϫ MRL-lpr mice develop a severe inflammatory GN resulting in the death of over two thirds of animals by 14 weeks of age. Thus, CfH deficiency in MRLlpr mice markedly accelerates development of LN. This is a relatively unique finding in this strain, joining deficiencies of type 1 angiotensin receptor, 45 Toll-like receptor 9, 46 and Pselectin, 47 as disease accelerators. Of note, the early mortality from LN in CfH Ϫ/Ϫ MRL-lpr mice seems to be the most severe among these. Although neither the absence of Fas nor CFH is typical of human SLE and LN, this model is unique in accelerating LN in murine lupus models. Although MRL-lpr mice have an expanded pool of CD3
Ϫ "double-negative" T cells, of potential relevance to human SLE, 48 CfH deficiency did not affect this cellular population.
Histopathologic features of LN occurring in CfH Ϫ/Ϫ MRLlpr mice included marked deposition of IgG-and C3-containing ICs in glomerular subendothelial, mesangial, and subepithelial locations, the former generating "wire loops"; glomerular inflammation with neutrophils and macrophages; extracapillary (crescentic) proliferation; podocyte foot process effacement; and TI inflammation with neutrophils, monocyte/ macrophages, dendritic cells, and CD4 ϩ T cells. With this, animals developed severe functional renal disease, with marked albuminuria and azotemia, which appeared to lead to their early death. Overall, these disease features recapitulate human LN; by current criteria set forth by the 2003 International Society of Pathology/Renal Pathology Society for human LN, 32 this would be classified as diffuse proliferative LN with crescent formation [class IV-G(A)], membranous LN (class V), and TI nephritis. This disease has similarities to the spontaneously occurring LN in CfH-sufficient MRL-lpr mice 49 while being considerably different than the spontaneous GN described in nonautoimmune background CfH Ϫ/Ϫ mice. 27 Therefore, the severe proliferative LN seen in CfH Ϫ/Ϫ MRL-lpr mice likely represents an accelerated version of spontaneous LN in MRL-lpr mice because of CfH deficiency, and its development may have a different mechanism compared with the spontaneous membranoproliferative GN in the CfH Ϫ/Ϫ mice with nonautoimmune background.
LN is an autoimmune disease in which autoantibodies are produced and form ICs in glomeruli, which can activate complement and interact with Fc receptors on inflammatory cells. 50, 51 Activation of the classical pathway of complement by IgG-(and IgM-) containing ICs can lead to recruitment of the alternative pathway, which seems to be important in expression of LN, as supported by data with complement factor Band D-deficient MRL/lpr mice. 14, 15 Although CfH is a fluidphase regulator of the complement alternative pathway, it also is important to regulate complement in sites such as the glomerular and retinal capillary walls, where it can deposit to serve as a fixed complement regulator. 52 Thus, in the setting of glomerular-bound ICs in MRL-lpr mice, the presence of CfH seems to be a valuable regulator of complement activation; ultimately, this regulation does seem to be overwhelmed later in the disease course. In CfH Ϫ/Ϫ MRL-lpr mice lacking this key complement regulator, glomerular-bound ICs were able to activate C3, leading to considerably accelerated disease.
We found that CfH on rodent platelets is responsible for immune adherence, which is a role for human erythrocyte CR1. 53 Interestingly, a similar CfH for CR1 switch seems to occur in the mouse podocyte as well. 31 Hence, in a chronic serum sickness model in C57BL/6 CfH Ϫ/Ϫ mice, there was greater glomerular deposition of ICs; however, in these circumstances, there was no development of GN unless CfH was absent from plasma, showing the importance of fluid-phase (and, presumably local glomerular) complement regulation by CfH in this model system. 29 Moreover, the hypocomplementemia occurring in CfH Ϫ/Ϫ mice could also affect systemic and intraglomerular IC processing. 54 These aspects are relevant in SLE, given that altered IC processing by human erythrocyte and podocyte CR1 is believed to be important in SLE and LN. [55] [56] [57] [58] [59] In these studies, there were greater glomerular ICs in CfH Ϫ/Ϫ MRL-lpr mice compared with CfH-sufficient MRLlpr mice, despite comparable free plasma (circulating) ICs and anti-ds DNA antibody levels. This finding can be attributed to alterations of systemic and intraglomerular IC processing because of absent platelet and podocyte CfH, respectively, as well as hypocomplementemia. The roles for platelet and podocyte CfH to process ICs as a surrogate for CR1 in humans and for plasma CfH to limit complement activation could not be separated in these studies and are the subject of our ongoing investigations.
We identified a variety of cell types infiltrating CfH Ϫ/Ϫ MRL-lpr mouse kidneys. Neutrophils (7/4 ϩ ) and monocyte/ macrophages (CD11b ϩ ) primarily contributed to glomerular hypercellularity, as is true in active human LN. 60 Although TI inflammation in LN is often considered a secondary phenomenon, rarely occurring in the absence of glomerular disease, 32 there is growing appreciation that the extent of TI disease is highly relevant. The extent of TI disease has a negative predictive value for renal outcome, more so than does glomerular pathology, even when disease seems to be initiated in glomeruli. 61, 62 Thus, it was significant that CfH Ϫ/Ϫ MRL-lpr mice had considerable TI nephritis relative to CfH-sufficient MRL-lpr controls. Based on the expression of relevant markers, this TI inflammation was composed of multiple cell types, including neutrophils (
, and activated CD4 ϩ cells (CD44 high CD62L low and CD69 ϩ ). Monocytic cells can mediate tissue inflammation and injury in LN while also contributing to clearance of apoptotic debris. 63, 64 Although some of the other TI infiltrating cell types have less been described in MRL-lpr mice, their existence and distinct functions have been studied in other disease models. 65 In a peritonitis model, Gr1 inter monocytes recruited into the sites of inflammation simultaneously with and independently of the recruitment of Gr1 high neutrophils, and matured to F4/80 ϩ macrophages as the inflammation progressed. 35 In renal ischemia-reperfusion, F4/80 ϩ dendritic cells are the predominant TNF-␣-secreting cell and seem to play a critical pathogenic role in this model. 66 Of note, the presence of these infiltrating cells is not strictly dependent on the absence of CfH, because they were also present in diseased MRL-lpr mouse kidneys later in the course of disease. As such, they are a feature of severe LN in MRL-lpr mice, with deficiency of CfH accelerating their infiltration into lupus mouse kidneys. Engagement and signals through cellular receptors for activated C3 and C5 complement products (i.e., C3aR, C5aR, CR1, CR3, and/or CR4) expressed on all of these cellular types likely accounts for their recruitment to glomeruli and within the TI in this LN model system.
Thus, CfH Ϫ/Ϫ MRL-lpr mice spontaneously develop a disease process that recapitulates many features of human LN. This seems to be similar to the native disease occurring in CfHsufficient MRL-lpr mice and distinct from the spontaneous disease in older CfH Ϫ/Ϫ mice on mixed genetic backgrounds. 26, 27 As such, we have considered CfH deficiency to accelerate LN in MRL-lpr mice; hence, its presence is a protective factor. The lack of systemic CfH led to altered systemic and intraglomerular IC processing and unrestricted complement activation through the alternative pathway. The subsequent generation of activated complement products led to marked inflammation within glomeruli and the TI. The individual roles for abnormal IC processing and activation of the various complement receptors on the different inflammatory cells is a topic that requires further study.
CONCISE METHODS
Experimental Protocol in Lupus Mice
CfH Ϫ/Ϫ C57BL/6 mice 27 (generously provided by Dr. Marina Botto, Imperial College, UK) were backcrossed onto the MRL-lpr strain (Jackson Laboratories, Bar Harbor, ME studied at 8 (n ϭ 10, 5, and 8 in each group of mice, respectively) and 12 weeks (n ϭ 6, 3, and 5 in each group, respectively) of age. At the time of death, blood, urine, and kidneys were harvested from each mouse. Littermate CfH Ϫ/Ϫ (n ϭ 9), CfH ϩ/Ϫ (n ϭ 11), and CfH ϩ/ϩ (n ϭ 11) MRL-lpr mice were also studied in a separate survival study. Serum samples from each mouse were collected every 2 weeks from 6 to 16 weeks of age. The survival of each mouse was recorded until 24 weeks of age. These studies were approved by the University of Chicago Animal Care and Use Committee.
Measurements from Blood and Urine
BUN concentrations were detected with a Beckman Autoanalyzer (Beckman Coulter, Fullerton, CA). Urinary albumin concentrations were measured with a mouse albumin ELISA kit (Bethyl Laboratories, Montgomery, TX) and normalized to creatinine concentrations in the same urine (measured with Stanbio Creatinine Procedure No. 0400; Stanbio Laboratory, Boerne, TX). 54 Serum C3 levels, anti-dsDNA antibodies, and circulating IC levels were determined by ELISA as described previously. 11, 12, 67 Serum samples obtained from the survival study from 6 to 16 weeks were included.
For serum C3 ELISA, plates were coated with goat anti-mouse C3 (Cappel Laboratories, Durham, NC). Serially diluted serum samples were added followed by horseradish peroxidase-goat anti-mouse C3 (Cappel). Results are expressed as relative OD 450 values adjusted for standard wild-type C57BL/6 mouse serum samples included in all. Because of the polyclonal nature of the anti-mouse C3 antibody, native intact C3 is identified by this approach, as are cleavage fragments of C3 (i.e., iC3b and its component C3c) to some extent. 68 For serum anti-dsDNA Abs ELISA, 96-well plates were coated with methylated BSA (Sigma-Aldrich), followed by calf thymus dsDNA (Sigma-Aldrich). Serial dilutions of sera were incubated for 2 hours at room temperature, followed by horseradish peroxidaseconjugated goat anti-mouse IgG (Kierkegard & Perry Laboratories, Gaithersburg, MD) and OPD peroxidase substrate (Sigma-Aldrich).
The OD 450 was measured. Sera from several 24-week-old MRL-lpr mice were pooled and served as control. The anti-dsDNA antibodies are presented as relative U by plotting against the standard curve. Sera from 24-week-old MRL/ϩ and Balb/c mice were used as negative controls.
To measure circulating IC levels, 96-well plates were coated with human C1q (Quidel, San Diego, CA). Serum samples were serially diluted and incubated for 2 hours at room temperature, followed by horseradish peroxidase-goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) and OPD peroxidase substrate (Sigma). Sera from several 24-week-old MRL-lpr mice were pooled and served as controls. Circulating IC levels were quantified by plotting against the standard curve and presented as relative U.
Histopathologic Studies
To evaluate renal pathologic changes, kidney tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Four-micrometer sections were stained with periodic acid-Schiff and examined by a renal pathologist (M.H.) in a blinded manner. For each slide, the severity of GN, glomerulosclerosis, interstitial nephritis, and arteritis was graded in a semiquantitative (0 to 4) manner as described previously. 12, 49 The number of glomeruli with sclerosis and/or hyalinosis and crescent formation was determined and expressed as a percentage of total glomeruli observed in the entire cortical field.
Ultrastructural features were also examined in glomeruli from several randomly chosen mice from each of the experimental groups. Renal cortex was processed for electron microscopy using standard techniques as described previously. 31 Sections were viewed with a JEOL JEM-1010 electron microscope (Tokyo, Japan), and representative photographs were taken.
For immunofluorescence microscopy, kidney sections were snap frozen in 2-methylbutane cooled on dry ice and kept at Ϫ80°C until use. Four-micrometer cryostat sections were fixed in ether-ethanol and directly double stained with FITC-conjugated antibodies to mouse C3 (Cappel) and Alexa Fluor 647-conjugated antibodies to mouse IgG (Molecular Probes, Eugene, OR). The staining intensity and distribution was semiquantitatively scored from 0 to 4 in a blinded manner as described previously. 54 To evaluate renal cellular infiltrates, immunohistochemistry was performed with paraffin-embedded kidney sections. Endogenous peroxidases and biotin were blocked by 0.3% hydrogen peroxide and the Avidin/Biotin blocking kit (Vector Laboratories, Burlingame, CA), with 10% normal goat serum used as a separate blocking step. The slides were incubated with rat anti-mouse 7/4 (AbD Serotec, Oxford, UK) for neutrophils, anti-B220 (BD Pharmingen, San Jose, CA) for B cells, anti-CD4 (BD Pharmingen) for CD4 ϩ T cells, and anti-F4/80 (AbD Serotec) for monocytic cells, followed by goat anti-rat IgG (BD Pharmingen) and streptavidin-peroxidase (Sigma). Specifically bound antibodies were detected by ImmPACT DAB develop Kit (Vector Laboratories). To quantify each cell type in the glomeruli or tubulointerestitium within renal cortices, at least 20 glomeruli or 400ϫ fields were examined by an observer masked to origin of the slides. To compare the distribution of different inflammatory cell types, double immunohistochemistry staining was performed. Slides were first stained with rat anti-mouse CD4 or anti-mouse B220 as described above. The specific antibody binding was detected by diaminobenzidine development (brown). The peroxidases and biotin in the first staining were blocked by 0.3% hydrogen peroxide and the Avidin/Biotin blocking kit. The slides were incubated with rat-anti F4/80 or anti-7/4 as described above. Specific signal was detected by NovaRED Kit (Vector Laboratories) (red). Finally, the sections were counterstained with hematoxylin (Vector Laboratories).
Flow Cytometry
Renal infiltrating cells were isolated as described previously. 69 In brief, mouse kidneys were minced and digested at 37°C for 45 minutes with gentle agitation with collagenase I (2 mg/ml) and DNAse I (100 g/ml) in HBSS/1% (vol/vol) BSA (all from Sigma). Erythrocytes were lysed with NH 4 Cl, and the cell suspension was passed through a 40-m cell strainer (BD Bioscience). Isolated cells (approximately 10 6 ) from each mouse were stained with Alexa 488 -conjugated anti-mouse CD11b (Serotec), allophycocyanin (APC)-conjugated anti-mouse F4/80 (Serotec), PECy7-conjugated anti-mouse CD11c (BD Pharmingen), phycoerythrin (PE)-conjugated anti-mouse Gr-1(Ly-6G) (Serotec), PerCPCy5.5-conjugated anti-mouse B220 (BD Pharmingen), and/or Alexa Fluo 700-conjugated anti-mouse CD8 (BD Pharmingen). Flow cytometry was performed with an LSRII (BD Biosciences, Franklin Lakes, NJ) and analyzed with FlowJo software (Tree Star, Ashland, OR).
The subsets and the activation status of lymphocytes from spleen, renal lymph nodes, and kidneys were determined. Spleens and renal lymph nodes were minced, erythrocytes were lysed with NH 4 Cl, and the cell suspension was passed through a 40-m cell strainer (BD Bioscience). Renal infiltrating cells were isolated as described above. Approximately 10 6 cells from each mouse were stained with PerCP-Cy5.5-labeled anti-mouse B220, APCCy7-labeled anti-mouse CD3, Pacific Blue-labeled anti-mouse CD4, AlexaFluo700-labeled anti-mouse CD8, PECy7-labeled antimouse CD44, APC-labeled anti-mouse CD62L (all from BD Pharmingen), FITC-labeled anti-mouse CD69, and/or PE-labeled anti-mouse CD25 (Serotec). Flow cytometry was then performed and analyzed as described above.
Statistical Analysis
Numeric data from all experiments were first analyzed using the "graphical summary" function in Minitab 15 (State College, PA) to determine data normality (Anderson-Darling test) and 95% confidence intervals for mean, median, and SD. Parametric and nonparametric data were analyzed by one-way ANOVA and Kruskal-Wallis tests, respectively. When data sets were significantly different by these measures, subsequent comparisons were made by Tukey's testing and sign confidence intervals for parametric and nonparametric data, respectively; appropriate corrections for multiple comparisons were always incorporated in these analyses. Survival data from the three groups were analyzed using nonparametric distribution analysis with Kaplan-Meier estimates. To analyze potential correlations among data sets, Pearson product moment correlation coefficients and associated P values were calculated.
